transgenic models in both research and the ornamental aquarium trade, information to 74 scientifically assess the potential for such fish to establish in natural water systems is needed to 75 inform risk assessment prior to their use to support decisions to protect Canadian environments. 76
The purpose of our study was to determine the potential for common tropical research fish, as 77 well as progenitor strains for commercial ornamental aquarium fish, to establish themselves in 78
Canadian waters. 79
80
In temperate regions such as much of the high population density areas in Canada, the ability for 81 transgenic tropical species such as zebrafish and other ornamentals to establish themselves is 82 primarily limited by their ability to overwinter in cold water bodies. For example, Cortemeglia 83 and colleagues (Cortemeglia and Beitinger 2005, 2006; Cortemeglia et al. 2008 ) examined the 84 cold temperature tolerance of wild-type zebrafish and the original RFP zebrafish used in the 85 ornamental aquarium trade, and contrasted it to potential survival distribution across the USA. 86 D r a f t 5 displayed less cold tolerance than control fish, it should be noted that the control fish were 95 obtained from a different source than RFP zebrafish, and whether the altered minimum thermal 96 tolerances of RFP fish were due differences in rearing conditions or possibly background 97 genetics is not known. As well, currently marketed transgenic zebrafish are available in both a 98 striped and golden morph of the zebrafish, and whether these morphs alter thermotolerance in 99 zebrafish has not been examined. In addition, whether transgenic inserts used in research may 100 also impact thermotolerance has not been examined. Hill et al. (2014) Animal Care. Golden morph of zebra danios (hereafter referred to as golden zebrafish, white 149 morph of black tetras (hereafter referred to as white tetra), and tiger barbs (all wild-type 150 morphs/species for GloFish™ lines available in the US, but not available in Canada) were 151 purchased from local aquarium stores or distributors in the Greater Vancouver area, BC, Canada. 152
All three species are domesticated aquarium strains of tropical origin, i.e. zebrafish are native to 153 India, Pakistan, Nepal, Bangladesh, Sri Lanka and Myanmar (Barman 1991), and reportedly 154 tolerate a wide range of temperatures in the wild from as low as 6°C to over 38°C (see Spence et 155 al. 2008) ; black tetras are from the Rio Paraguay river basin in South America (see Benine et al. 156 2015) ; and tiger barbs are native to Sumatra (see Kottelat 1998) . Fish were housed in a climate-157 controlled room and acclimated at 24°C in 38 L tanks (n=20 fish per tank for zebrafish and 158 tetras, n=15 fish per tank for tiger barbs, 3 tanks per species) for at least one week. The 159 temperature of two tanks per species (cold-challenge tanks) were then dropped to 20°C over a 160 four-day period, and allowed to acclimate to this temperature for at least one week. One tank per 161 species remained at 24°C throughout the experiment as a control tank. by lowering the ambient temperature in the housing room (see Supplemental Figure S1A ). 165
Control tanks were held at 24°C via submersible heaters. Water temperature was recorded every 166 10 min by Tidbit data loggers (Onset Computer Corporation, Bourne, MA). Fish were observed 167 twice a day for feed intake, activity level, and loss of equilibrium until fish stopped feeding or 168 they reached 10ºC (which ever came first), at which point observations were increased to four 169 times per day. Fish were removed once they could no longer maintain equilibrium, time and 170 temperature recorded, and fish moved to a recovery tank kept at approximately 4°C above the 171 cold challenge tanks. Total ammonia, nitrite and pH were measured in the tanks every 2 days, 172 and 20% water change performed if nitrite or ammonia levels became detectable. Throughout the 173 experiment, total ammonia nitrate levels remained well below Acute Criterion Magnitude levels 174 as determined by USEPA (2013). Lighting was set to 10:14 light:dark to simulate winter 175 photoperiod. CL min determinations were modified from Beitinger et al. (2000) where endpoint 176 measured was loss of equilibrium rather than death although some individuals were not rescued 177 (e.g. those that lost equilibrium during night hours), and in these cases death was considered an 178 equivalent endpoint to loss of equilibrium. CL min was calculated as the average temperature at 179 which each tank of individuals within a species lost equilibrium (average ± s.e.m.), and the 180 temperature at which 50% of individuals lost equilibrium (LT 50 ) for each tank/species was 181 calculated using the dose.p function in MASS package (Venables and Ripley 2002) Oregon. Strains were chosen as they were the most readily available fluorescent models at ZIRC 192 were removed at 28°C, 10°C and 8°C and held at these temperatures for long-term acclimation 216 (four months) in order to determine whether the fish could produce viable offspring after cold 217 acclimation, once returned to 28°C. Fish were also removed and held at 6°C (n=10 per line), 218 however these fish showed 80 to 100% mortality within the first week of transfer, therefore this 219 treatment was terminated. At the end of the four-month acclimation period, which was staggered 220 so all fish were acclimated for precisely four months, the 8 and 10°C acclimation groups were 221 warmed back to 28°C over a one week period and, after two weeks at 28°C, a bulk breed 222 protocol was initiated by placing a breeding tray in each tank for one week, and collecting eggs 223 daily. Total number of individuals per genotype/acclimation temperature group was 16 to 19, and 224 individual fish were not sexed. Domesticated zebrafish have polygenetic sex determination, i.e.
D r a f t Results 233
Extensive winter water temperature was gathered from across Canada, with a total of 148 river 236 and 107 lake locations represented. With the exception of coastal Southern BC, surface air 237 temperatures across Canada over the winter months average below freezing (see Figure 1) . Due 238 to high mixing in rivers, temperatures are assumed to be uniform throughout the water column in 239 these systems. Surveyed winter river water temperatures were generally ≤ 1°C with maximum 240 winter temperature recorded in rivers being < 4°C (see Figure 2 , Supplemental Table S1 ). Unlike 241 rivers, lakes often stratify in temperature, particularly in the winter. The majority of lakes in 242
Canada are dimictic, which in Canada generally freeze over and have the warmest, densest water 243 on the bottom (see Horne and Goldman 1994; BCLSS 2014 ). This temperature is generally 244 around 4ºC, but may be lower if sufficient wind action mixes cooler upper water with the warmer 245 deeper water (see Horne and Goldman 1994) . The exception to this is coastal southern BC lakes 246 that are usually monomictic. These lakes mix throughout the winter, with similar temperatures 247 throughout the water column that are generally at or above 4ºC (Horne and Goldman 1994; 248 BCLSS 2014) . Surface and water column measurements in Canadian lakes confirm the majority 249 of lakes having winter temperatures ≤ 4°C. A few lake locations had recorded minimum 250 temperatures > 4ºC and up to 6.8°C, and these lakes were primarily located in southwestern BC 251 (see Figure 2 , Supplemental Table S2 ). Only three lakes had winter temperatures greater than 252 5°C. The warmest lake, Lake Cowichan, had minimum temperature of 6.8°C in In the cold temperature trial using equivalent wild-type ornamental aquarium morphs and/or 268 species as GloFish® (Experiment 1), all species lost equilibrium over a 1-2°C temperature range 269 (6.6-4.8°C for golden zebrafish, 10.5-9.5°C for white tetras, and 13.6-12.6°C for tiger barbs, see 270 D r a f t 13 ceased moving and rested on the bottom of the aquaria prior to loss of equilibrium, while barbs 279 continued moderate to medium activity until loss of equilibrium. Of the fish removed at loss of 280 equilibrium, zebrafish and tetra individuals were rescuable (i.e. returned to regular activity and 281 feeding after warming to 24°C), but all tiger barbs died once moved to recovery tanks. There 282 were no mortalities in control fish held at 24ºC during the experiment and they had high activity 283 and feeding level throughout the experiment. 284
285
In the cold temperature trial for research lines of zebrafish (Experiment 2), the y1 line had a 286 more rapid decrease in survival with decreasing temperature (Figure 4 , P = 0.025 to 0.035) as 287 well as higher LT 50 (P < 0.001, see Table 2 ) than the other lines, although the LT 50 of all lines 288 was within less than 1ºC of each other (5.38 -5.90ºC). There were no other differences 289 observed. In Experiment 1, when LT 50 was calculated with pooled tanks as in Experiment 2, 290 values were within 0.1°C of CT min . As such, it is presumed that LT 50 values in Experiment 2 as 291 calculated with pooled tanks are accurate measurements of cold tolerance. Survival of control 292 fish at 28ºC was not specifically tracked, although fish reared at 28ºC during this time and for an 293 additional month (four months total, see reproductive performance below) had 85-95% survival 294 (see Table 3 ). Table 3 ). All fish groups 302 from all acclimation temperatures laid eggs. There were large variations in the total number of 303 eggs produced by the different lines of zebrafish held at different temperatures, although there 304 was no significant factor effects of genotype or temperature on the total number of eggs laid (P = 305 0.392 and 0.551 respectively), the total number of fertilized eggs (P = 0.394 and 0.472 306 respectively), or the total number of eggs hatched (P = 0.419 and 0.693 respectively, see Table  307 3). As number of available females per group was not known, and therefore cannot be confirmed 308 to be equal among groups, results related to total egg count as estimated of average productivity 309 should be interpreted with caution. 310
311
Discussion 312 313 This is the first published report of cold tolerance of black tetras and tiger barbs, and the first 314 published study examining the effect of fluorescent transgenesis on cold tolerance where 315 background strain and rearing conditions were controlled for. Of the tropical species examined, 316 only zebrafish (wild-type, GFP transgenic, and golden varieties) had minimum water 317 temperature tolerances (5.38 to 5.90°C) within the range of winter water temperatures recorded 318 for Canada. However, almost all of surveyed lakes and rivers had winter temperatures lower than 319 tolerances of these zebrafish strains (see Figure 2) . In addition, long-term rearing of wild-type 320 and GFP transgenic zebrafish at 6ºC resulted in high mortality, indicating their functional 321 minimum temperature tolerance is higher than indicated by modified CL min or LT 50 . Long-term 322 rearing at 8ºC did not result in a significant increase in mortality, indicating the functional 323 minimum temperature tolerance of zebrafish is between 6 and 8ºC. Only one surveyed lake in 324 D r a f t lake but different location and year were less than 6°C, indicating zebrafish lines would be 326 unlikely to persist over multiple winters even in the warmest lakes, based on temperature 327 tolerance data alone. Zebrafish released to natural systems would also be expected to be further 328 limited by varying food supply, competition and predation from native fish, and altering abiotic 329 factors such as oxygen. Fluorescent models may have even further limited persistence, as 330 currently marketed RFP Glofish® zebrafish are reported to be preyed on at a greater rate (Hill et 331 al. 2011 ) and have decreased spawning success and fitness (Howard et al. 2015) . Of the other 332 two species examined, the higher minimum tolerated temperatures of the white tetra (9.95°C) 333 and tiger barb (13.36°C) indicate they would not be able to overwinter in surveyed freshwater 334 systems in Canada. The tiger barbs in particularly displayed poor acclimation to lowering 335 temperatures as they had the highest CL min , were not rescuable after loss of equilibrium, and 336 unlike zebrafish and tetras did not display modified activity as they approached CL min, . 
